Gravity-driven granular flow of slightly frictional particles down an inclined, bumpy chute is studied. A modified kinetic model which includes the frictional energy loss effects is used, and the boundary conditions for a bumpy wall with small friction are derived by ensuring the balance of momentum and energy. At the free surface, the condition of vanishing of the solid volume fraction is used. The mean velocity, the fluctuation kinetic energy and the solid volume fraction profiles are evaluated. It is shown that steady granular gravity flow down a bumpy frictional chute could be achieved at arbitrary inclination angles. The computational results also show that the slip velocity may vary considerably depending on the granular layer height, the surface boundary roughness, the friction coefficient and the inclination angles. The model predictions are compared with the existing experimental and simulation data, and good agreement is observed. In particular, the model can well predicate the features of the variation of solid volume fraction and fluctuation energy profiles for different particle-wall friction coefficients and wall roughnesses.
Introduction
The inclined chute serves as an important component of many industrial solids transport processes in addition to providing a bench mark for comparison of theoretical predictions with experimental data. Because of its significance, granular gravity flows have been the subject of a number of investigations. Over the past two decades, theoretical analysis of gravity-driven rapid particulate flows have been performed by Savage (1979) , Ma & Ahmadi (1985) , Richman & Marciniec (1990) , Johnson, Nott & Jackson (1990) , Anderson & Jackson (1992) , Gudhe, Rajagopal & Massoudi (1994) , Abu-Zaid & Ahmadi (1993) and Oyediran et al. (1994) . Using the molecular dynamics procedure, Campbell & Brennen (1985) , Walton et al. (1988) and Walton (1992) presented digital simulation results for granular flow properties such as solid volume fraction, velocity and fluctuation kinetic energy (granular temperature) for chute flows. These computer simulations also provided insights into the mechanisms that govern the rapid flow of granular materials. Experimental studies of granular gravity flows were reported by Augenstein & Hogg (1978) , Savage (1978 , 1979 ), Campbell, Brennen & Sabersky (1985 , Drake & Shreve (1986) , Patton, Brennen & Sabersky (1987) , Johnson et al. (1990) and Drake (1990 Drake ( , 1990 among others. The experimental data for solid volume fraction and velocity profiles provided by these studies play a vital role in verifying the existing models.
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While considerable progress toward understanding the behaviour of granular gravity flows has been made, most earlier models were limited to frictionless, slightly inelastic particles and a specific flow regime. However, many flows of practical interest fall into the intermediate flow regime where both frictional contacts and particle-particle collisions are significant. Johnson et al. (1990) did account for the effects of enduring frictional contact in their works by adding the Coulomb friction law to the granular kinetic and collisional stresses in their study of gravity flows. This model essentially combines the available constitutive theories for rapid and slow granular flows through a linear superposition. Abu-Zaid & Ahmadi (1990) developed a kinetic model which incorporated the effect of frictional energy losses during collisions. used this model to analyse granular Couette flows and the results showed that the effect of frictional energy losses is significant.
Solid wall boundary conditions for rapid granular flows were studied by Hui et al. (1984) using heuristic momentum and energy balance equations. Similar boundary conditions for disk flows were described by Pasquarell et al. (1988) . Ma & Ahmadi (1985) and Abu-Zaid & Ahmadi (1993) also analysed shear flows of granular materials using semi-empirical boundary conditions. These studies showed that the no-slip boundary condition is reasonable only when the boundary surface is sufficiently rough. Jenkins & Richman (1985) developed a set of kineticbased boundary conditions for two-dimensional smooth circular disk flows in the neighbourhood of a bumpy wall. Later this work was extended to flows of spherical particles by Richman (1988) and Hanes, Jenkins & Richman (1988) . More recently, Jenkins (1992) proposed a set of boundary conditions for rapid granular flows over a flat, frictional wall.
For the free surface boundary condition, most earlier works assumed that the stress and the energy flux vanish at a finite height (for which the solid volume fraction need not be zero). Such a free surface boundary condition, while avoiding the stiffness problem in the numerical solution, is obviously not exact. In reality, granular layer height continues until the condition of zero solid volume fraction is reached. Recently, using the momentum and energy balance at the interface between colliding and freely flying grains, Jenkins & Hanes (1993) developed a boundary condition for granular temperature (fluctuation kinetic energy).
In this paper, a kinetic model that incorporates frictional energy losses is used to analyse the steady, fully developed gravity-driven rapid granular flows down a bumpy, frictional inclined surface. The modified kinetic-based boundary condition of Richman (1988) that accounts for the frictional energy losses due to interactions between the grains and the boundaries is derived and used in the analysis. On the free surface, the boundary condition that allows for the height to continue to the point of zero solid volume fraction is applied. The particles are treated as identical, nearly elastic and slightly frictional spheres. Variation between particle-particle and particle-wall collisional properties is also allowed in the model. An iterative computational procedure is developed and is used to solve the equations of motion. The predicted velocity, solid volume fraction and fluctuation kinetic energy profiles for different inclination angles, flow heights, friction coefficients and surface boundary geometry (roughness) are presented in graphical forms. It is shown that, with the new wall and free surface boundary conditions, the model predictions are in good agreement with the available experimental data and molecular dynamics simulations results. The effects of frictional energy losses on the shape of solid volume fraction and fluctuation kinetic energy profiles are also discussed.
